Ischemia with subsequent reperfusion (IR) injury is a significant clinical problem that occurs after physical and surgical trauma, myocardial infarction, and organ transplantation. IR injury of mouse skeletal muscle depends on the presence of both natural IgM and an intact C pathway. Disruption of the skeletal muscle architecture and permeability also requires mast cell (MC) participation, as revealed by the fact that IR injury is markedly reduced in c-kit defective, MC-deficient mouse strains. In this study, we sought to identify the pathobiologic MC products expressed in IR injury using transgenic mouse strains with normal MC development, except for the lack of a particular MC-derived mediator. T he classical C pathway and naturally occurring IgM from B-1 lymphocytes are essential components of hind limb ischemia-reperfusion (IR) 4 injury in the mouse (1, 2). These data have led to the hypothesis that activation of the classical C pathway with formation of membrane-attack complexes leads to muscle injury. However, the finding that muscle damage is markedly attenuated in C-sufficient but mast cell (MC)-deficient [3] [4] [5] indicates that IR-mediated injury is a more complex pathologic response than currently understood and that MCs play a prominent role in this cytotoxic injury.
T he classical C pathway and naturally occurring IgM from B-1 lymphocytes are essential components of hind limb ischemia-reperfusion (IR) 4 injury in the mouse (1, 2) . These data have led to the hypothesis that activation of the classical C pathway with formation of membrane-attack complexes leads to muscle injury. However, the finding that muscle damage is markedly attenuated in C-sufficient but mast cell (MC)-deficient B6D2F 1 (3) (4) (5) indicates that IR-mediated injury is a more complex pathologic response than currently understood and that MCs play a prominent role in this cytotoxic injury.
After activation, mature MCs quickly exocytose the contents of their secretory granules, which include histamine, serotonin, heparin-and chondroitin sulfate-serglycin proteoglycans, multiple serine proteases, carboxypeptidase A 3 , and preformed cytokines such as TNF-␣. MC activation also results in the rapid generation of the eicosanoids PGD 2 and cysteinyl leukotriene C 4 (LTC 4 ) (6, 7), followed hours later by increased expression of numerous cytokines and chemokines (8, 9) . Although this diverse array of MCderived products contributes to the vascular leakage and cellular infiltration characteristic of a brisk host inflammatory response, it has not been shown that any of these MC-derived mediators participate in IR-mediated injury of skeletal muscle cells. Classical activation of MCs in adaptive immune responses occurs by crosslinking of IgE bound to Fc⑀RI or by the direct interaction of preformed immune complexes with the low-affinity Ig receptor Fc␥RIII (10, 11) . In addition, several other signals associated with innate immunity, including the anaphylatoxins C3a and C5a and adenosine, can activate MCs (12) (13) (14) (15) (16) .
The apparent requirement for both the classical C pathway and MCs in IR-induced injury suggested that MC degranulation occurs as a consequence of C activation. In this study, we sought to test the hypothesis that the MC is a critical effector cell downstream of C and then to establish the role of the MC independent of the broad impact of c-kit deficiency on the hemopoietic lineage and other cell types (17) (18) (19) . We demonstrate reduced levels of both MC degranulation and muscle injury in C4-deficient mice, thereby confirming an essential role for the C pathway in IR injury of muscle. We then delineate the contribution of individual MC-derived mediators by quantitative analysis of the extent of hind limb IR injury and MC degranulation in MC-sufficient strains with targeted disruption of a particular mediator. We demonstrate that of all of the tested MC mediators, only mouse MC protease (mMCP)-5 plays a significant effector role in severe IR-induced rhabdomyolysis of skeletal muscle.
Materials and Methods

Mice
C57BL/6 mice and BALB/c mice were obtained from The Jackson Laboratory. Transgenic mice lacking N-deacetylase/N-sulfotransferase (NDST)-2 (20) , the C5aR (21), C4 (22) , hemopoietic PGD 2 synthase (PGD 2 S; Y. Kanaoka, unpublished data), and LTC 4 synthase (LTC 4 S) (23) were on a C57BL/6 genetic background. Transgenic mice lacking mMCP-1 (24) were on a BALB/c mouse genetic background and the C3aR-null mice (25) were generated on both backgrounds. mMCP-5-null mice were generated by targeted mutation of the mMCP-5 gene in embryonic stem cells. The gene was cloned from a BALB/c genomic library as previously described (26) and was mutated by the insertion of the neomycin gene (Ref. 27 and R. L. Stevens, unpublished data). Two independently derived embryonic stem cell clones (129 origin) were identified, expanded, and used to generate independent founders on C57BL/6 (mMCP-5/BL6 Ϫ/Ϫ ) or BALB/c (mMCP-5/BALB Ϫ/Ϫ ) genetic backgrounds. These founders were further backcrossed with the respective wild-type strains. At the time of experimentation, the mMCP-5/BL6 Ϫ/Ϫ strain was 91.8% (Ϯ 0% from two mice analyzed) homologous to the background C57BL/6 mice and the mMCP-5/BALB Ϫ/Ϫ strain was 90.7% (Ϯ1.5% from two mice analyzed) homologous to the background BALB/c mice by satellite marker analysis using 110 and 108 background strain markers, respectively (Charles River Laboratories Genetic Testing Services). These finding are equivalent to four backcross generations. Institutional Animal Care and Use Committee approval was obtained for all animal experiments, and the studies were conducted in accordance with the National Institutes of Health and Public Health Service guidelines for animal care.
IR procedure
Male mice Ͼ8 wk of age and weighing Ͼ25 g were anesthetized with i.p. injections of ketamine (120 mg/kg) and xylazine (10 mg/kg). After full sedation was achieved, the hind limbs of each mouse were elevated for 2 min to minimize retained blood. Bilateral rubber bands (Latex O-Rings) were then applied above the greater trochanter using the McGivney Hemorrhoidal Ligator (Miltex). In most experiments, mice were subjected to 2 h of hind limb ischemia, followed by 3 h of reperfusion before analysis. Sham-treated mice did not undergo ischemia. Hydration was maintained by i.v. infusion of 0.1 ml of 0.9% saline during each hour of reperfusion. Mice were maintained in a supine position and kept anesthetized by intermittent i.p. injections of ketamine and xylazine. They were covered throughout the experiment to maintain body temperature. After euthanasia by anesthetic overdose, two 1-cm longitudinal and two 0.5-cm cross-sectional portions of gastrocnemius muscle were taken from each mouse.
Histology, histochemistry, and enzyme cytochemistry
Tissues were fixed for 8 h in 4% paraformaldehyde, dehydrated, embedded in JB-4 glycolmethacrylate, sectioned at 1.5-m thickness, and picked up on coated glass slides for staining with Masson's trichrome for histologic assessment of muscle fiber integrity. Fifty individual muscle fibers were counted in each histologic section, and the extent of injury was expressed as the number of damaged fibers per 50 fibers counted (50 fc). The histologic appearance of Masson's trichrome-stained preparations of the skeletal muscle from an IR-treated C57BL/6 mouse is quite different from that of a sham-treated C57BL/6 mouse. Uninjured muscle cells stain uniformly dark pink to red, have straight margins, a uniform width throughout their mid-portion, pronounced periodic A and I band striations, and intact actin/ myosin bundles. In progressive order, injured muscle cells exhibit varying widths resulting in irregular margins, broadening and irregular spacing of the A and I striations, dissolution of the actin/myosin bundles (rhabdomyolysis), and decreased intensity of staining. The earliest injury seen is the wavy fiber/distorted costameres (28) , which consist of slightly undulating cell borders, irregular spacing of the striations, and slightly decreased intensity in staining of the cells. The most severely injured cells have discontinuities in their sarcolemma; broken, serpentine aggregates of actin and myosin; and severe loss of staining. There are ϳ35-40 individual muscle fibers across an entire muscle bundle in a longitudinal section at ϫ10 objective. The most pronounced injury is usually in the middle of the muscle bundle. The overall distribution of injured skeletal muscle is one of patchiness.
For identification of MCs, tissue sections were assessed for their chloroacetate esterase activity, which labels the prominent proteases in the MC granules. In this cytochemistry assay, protease/proteoglycan macromolecular complexes released from the MC or retained inside its granules stain bright red. A section through an intact MC contains Ͼ75 secretory granules. When three or more of their secretory granules were found outside the cell, the cell was counted as degranulating. We noted that degranulation was generally limited to those MCs within the injured skeletal muscle bundles.
Assessment of the presence of mMCP-5 in skeletal muscle MCs was performed on frozen tissue samples from skeletal muscle. The mMCP-5 was identified using rabbit anti-mMCP-5 Ab made to an mMCP-5-specific peptide as previously described (29) . The Ab was affinity purified using the immunizing peptide and was used at a final dilution of 1/500.
Statistical analysis
Student's t test for paired samples was used for direct comparisons of observations made in control and knockout animals. Pearson's correlation coefficient was used in estimating the relationship between muscle injury and MC degranulation for wild-type control animals. A p Ͻ0.05 was considered to be statistically significant.
Results
Time course of muscle injury and MC degranulation after reperfusion of ischemic skeletal muscle
In our initial study of hind limb IR injury in W/W v mice and their ϩ/ϩ littermates, MC degranulation and muscle injury were assessed after 3 h of reperfusion (4) . Others have assessed muscle damage 24 h after reperfusion (3, 5) . To determine the time course of MC degranulation relative to skeletal muscle injury, we assessed each at 1, 3, and 6 h after the initiation of reperfusion in C57BL/6 mice. Skeletal muscle damage was expressed as the number of injured fibers per 50 fc. MC degranulation was quantitated as the number of degranulated MC in 20 low-power (ϫ10 objective) fields (LPF). Both irreversible muscle damage and MC degranulation exhibited time-dependent changes only after the initiation of reperfusion. Although skeletal muscle injury was maximal at the 3-h time point, substantial injury was seen consistently 1 h after the initiation of reperfusion (Fig. 1A) . MC degranulation showed a similar time course, with detectable activation and exocytosis of granules occurring within 1 h and reaching maximal levels by 3 h (Fig. 1B) . Comparable muscle damage and MC degranulation also were noted in the IR-treated BALB/c mouse (Fig.  2) . For both wild-type mouse strains, the extent of muscle damage was strongly correlated with the percentage of MCs exhibiting degranulation (R 2 ϭ 0.85, Fig. 2 ).
Dependence of muscle injury and MC degranulation on the C pathway
Earlier studies indicated that C activation was necessary for IR injury. Mice lacking C3 or C4 showed about a 50% reduction in the change in vascular permeability relative to similarly treated wild-type controls (1), and a semiquantitative assessment of muscle integrity in C5-deficient mice also indicated an ϳ50% attenuation of muscle damage (2) . Since none of these earlier studies included a parallel assessment of MC activation and skeletal muscle injury, we evaluated the extent of muscle damage and MC degranulation concomitantly in C4-null mice after hind limb IR. Relative to their controls, muscle injury in C4-null mice was reduced by 48% and MC degranulation was reduced by 85% (Figs. 2 and 3). These results link activation of the classical C pathway to both MC degranulation and skeletal muscle injury and suggest that C activation precedes MC participation in the injury process. The C-derived peptides C3a and C5a are capable of eliciting activation and secretion of mediators from MCs (12) (13) (14) , and both anaphylatoxins are generated during the formation of the membrane-attack complex C5b-9. C5a has been implicated in IR-induced injury of the kidneys (30) . However, when we evaluated strains that lacked one of the anaphylatoxin receptors, either C3aR or C5aR, the extent of MC degranulation and muscle injury was comparable to that of their wild-type littermates ( Fig. 2 and Table  I ). These unexpected findings suggest either that C3aR and C5aR have redundant activities or that the MCs are activated via another C-dependent mechanism.
Role of specific MC mediators in IR-induced muscle injury
Mouse MCs elaborate numerous cytokines/chemokines, most of which are expressed 2-6 h after cellular activation in vitro. In our time course study (Fig. 1) , substantial muscle damage was apparent after 1 h of reperfusion, suggesting little opportunity for transiently induced cytokines and chemokines to play a significant role. However, because some populations of mouse MCs store small amounts of preformed TNF-␣ in their secretory granules (31), we evaluated IR injury in a mouse strain unable to express this cytokine and determined that muscle injury was not attenuated (5 mice, n ϭ 1, data not shown).
The cysteinyl leukotrienes are permeability-enhancing mediators, and mice lacking LTC 4 S do not exhibit increases in MC-and macrophage-dependent microvascular permeability (23, 32) . PGD 2 is the other prominent eicosanoid released from activated MCs, and this arachidonic acid metabolite also increases microvascular permeability (33) . IR-induced muscle-cell damage in LTC 4 S-and hemopoietic PGD 2 S-null mice was found to be comparable to that in wild-type mice (Fig. 2 and Table II) . Thus, the two most prominent eicosanoids generated from MCs do not contribute significantly to MC-dependent IR-mediated skeletal muscle damage.
A defining characteristic of the constitutive MCs in skeletal muscle are the macromolecular complexes in their secretory granules that consist of negatively charged serglycin proteoglycans ionically bound to positively charged proteases (34) . Heparin glycosaminoglycan is a major constituent of the serglycin (35) , the MCs in NDST-2-null mice lack fully sulfated heparin proteoglycans in their secretory granules, which in turn leads to diminished storage but not total loss of the proteases of the MC granules (20, 36, 37) . After hind limb IR, the degree of muscle injury in NDST-2-null mice was negligibly reduced relative to that in wild-type mice (Figs. 2 and 4) . Thus, the heparin proteoglycans of the MC do not play a direct role in the elicitation of hind limb IR injury.
Based on the rapid time frame associated with IR injury, the MC-derived mediators most likely involved are the preformed secretory granule proteases. The MCs that reside in the muscles of BALB/c mice express mMCP-5 and mMCP-7, but not mouse transmembrane tryptase (mTMT)/tryptase ␥/Prss31 (38) . The MCs in the C57BL/6 mouse are unable to express mMCP-7 because of a point mutation in the exon 2/intron 2 splice site of this tryptase gene (39) . In contrast, the levels of mTMT are markedly increased in the MCs of this mouse strain relative to those in BALB/c mice (38) . The similarity in the extent of hind limb IR injury in the BALB/c and C57BL/6 mouse strains (Fig. 2) implies that neither mMCP-7 nor mTMT is the primary MC-derived factor that mediates muscle injury. Because we previously observed that some intra-alveolar macrophages are coated with immunoreactive mMCP-1 in our hind limb IR model (4), we considered the possibility that mMCP-1 released from mucosal MCs could exert its effects at a distant site such as the muscle. The extent of muscle injury and MC activation-secretion in mMCP-1-null mice was comparable to that in wild-type mice (Fig. 2 and Table II) . Thus, mMCP-1 is not the relevant factor.
Of the remaining mMCP candidates, mMCP-5 is the most abundant serine protease in every safranin-positive mouse MC examined to date (40) . After IR treatment of wild-type and mMCP-5/ BL6 Ϫ/Ϫ mice, mean muscle injury was 48 Ϯ 4.7% and 15.6 Ϯ 2.1% (mean Ϯ SEM, n ϭ 4, p Ͻ 0.01), respectively, for a reduction in injury of 68% (Figs. 2 and 4) , even though MC degranulation was comparable (63 Ϯ 7.5% and 73 Ϯ 10%, respectively). To exclude other defects that may have occurred during development of this mMCP-5-null mouse strain, we also examined a second mMCP-5-null strain produced from an independently derived embryonic stem cell clone and backcrossed onto the BALB/c genetic background. These mice also showed dramatic protection against muscle injury; mean injury in the BALB/c controls was 60 Ϯ 3.3% (mean Ϯ SEM, 12 mice, 2 experiments) while the mean injury in the 5 mMCP-5/BALB Ϫ/Ϫ mice was 19.4 Ϯ 3.1% ( p Ͻ 0.001) for a reduction in injury of 68% (Fig. 2) . MC degranulation was comparable, 74.3 and 75.7%, respectively. The extent of muscle injury relative to MC degranulation in the two mMCP-5-null strains was well below the trend line for all other strains and fell outside of the 95% confidence interval for this analysis (Fig. 2) . Excluding mMCP-5, the correlation coefficient for the trend line including all of the normal mice and transgenic strains with targeted deletions tested was R 2 ϭ 0.83. The normal IR injury in the NDST-2 null mice that still transcribe the gene but are deficient in granule-stored mMCP-5 implies that the NDST-2 null MC could still be providing the protease needed for the injury. Frozen sections of skeletal muscle, immunohistochemically evaluated for the presence of mMCP-5, showed a diffuse staining pattern associated with the MCs of the NDST-2 Ϫ/Ϫ mice (Fig. 5A) . No mMCP-5 was detectable in the MCs of mMCP-5/BL6 Ϫ/Ϫ mice (Fig. 5B ) and a distinct granule staining pattern was associated with the skeletal muscle MC in wild-type C57BL/6 mice (Fig. 5C ). The chloroacetate esterase reactivity demonstrates the smaller size of the MCs found in the skeletal muscle of these two null strains (Fig. 5, D and 5 , E) as compared with the MCs in the wild-type strain (Fig. 5F ). The chloroacetate esterase activity in MCs of the two null strains is attributed to the presence of mMCP-4 that has been detected by activity in another NDST-2 Ϫ/Ϫ strain (36) and by immunoblot analysis in peritoneal MCs from the mMCP-5/BL6
Ϫ/Ϫ mice (data not shown).
Discussion
We have identified a cytotoxic function for one MC granule protease in IR injury of mouse skeletal muscle. We made this observation while establishing that MCs participate quantitatively with natural IgM and C in producing IR injury of hind limb skeletal muscle of the mouse. The results demonstrate that the prominent MC secretory granule protease mMCP-5 is essential for the occurrence of irreversible muscle damage and that its release depends on classical C activation. The extensive skeletal muscle injury with local MC activation during IR contrasts with the absence of severe local cellular injury after conventional MC activation through receptors such as Fc⑀RI, Fc␥RIII, or c-kit. These studies extend earlier results that implicated the MCs in hind limb IR by demonstrating protection against injury in MCdeficient W f /W f and W/W v mouse strains (3) (4) (5) . The most recent assessment by Bortolotto et al. (5) demonstrated that reconstitution of the skeletal muscle with Ͻ10% of the normal number of MCs was able to restore 85% of the injury observed in the wild-type controls. Yet, the genetic abnormality of the receptor tyrosine kinase c-kit in these strains not only prevents survival of peripheral tissue MCs but also creates deficiencies in other hemopoietic lineages, such as erythrocytes and neutrophils, as well as affects melanogenesis and gametogenesis (17) (18) (19) (41) (42) (43) . Thus, our results confirm the role of the MC in a mouse strain with normal hemopoietic lineage development and demonstrate the critical role of the MC proteases by identifying a requirement for a specific MC function through targeted disruption of a MC-specific gene.
The role of the local MCs in producing irreversible skeletal muscle injury was suggested by time-dependent studies in which a quantitative progression of cell injury was associated with an incremental reduction of intact MCs at the lesion (Fig. 1) and not in adjacent unaffected skeletal muscle (data not shown). This interpretation is supported by an analysis of the percentage of injured muscle fibers and the percentage of degranulated MCs in the same muscle (Fig. 2) . The percentage of injured skeletal muscle fibers is directly correlated with the percentage of degranulated MCs in the injury site with a correlation coefficient of 0.85, indicating that 85% of the muscle injury is directly correlated with MC activation. Analysis of the various null mutant mice shows that with the exception of the mMCP-5-null mice, values from the other transgenic animals evaluated in our study lie near the linear trend line for the comparison of skeletal muscle injury and loss of intact MCs obtained from injured ϩ/ϩ control mice. The skeletal muscle MCs of both the mMCP-5-and NDST-2-null strains have small granules due to the absence of core components of the secretory granule complex and a concomitant small cell size (Fig. 5) . Trichinella spiralis infection in each of the strains elicits mucosal MCs in normal numbers and size, indicating that lineage development is normal and that the small size of the skeletal muscle MC only reflects the decrease in granule constituents (Ref. 20 and R. L. Stevens, unpublished data). Nonetheless, they can be enumerated and assessed for exocytosis with chloroacetate esterase staining in both resting and injured skeletal muscle (Figs. 4 and 5) . Importantly, both possessed virtually the same number of MCs per 20 LPF in their hind limb skeletal muscle and responded to IR with comparable levels of degranulation. Yet the mMCP-5 null mice experienced minimal skeletal muscle injury, whereas the NDST-2 null mice were severely injured. The surprising finding that the degree of IR injury in the NDST-2-null mouse strain is similar to that in wild-type mice suggests that the small amount of mMCP-5 detected by immunohistochemistry (Fig. 5) is sufficient for extensive muscle damage in this animal model. By analogy to the finding that heparin restricts the enzymatic activity of recombinant mMCP-6 (44) and purified rat MC protease-1 (45), it is possible that the absence of heparin in the NDST-2-null mouse results in a marked increase in the relative lytic activity of the small amount of mMCP-5. Despite their granule storage deficiency, the mMCP-5 gene is transcribed at a normal rate in the MCs of NDST-2-null mice (20) . Thus, another possibility is that extensive muscle damage occurs in NDST-2-null mice because the constitutive release of mMCP-5 augments the response of the tissue to other factors active in hind limb IR injury. Because the NDST-2-null mouse also has less MC carboxypeptidase A (20, 36, 37, 46) , any role for this exopeptidase acting in concert with mMCP-5 would again depend on the lack of heparin binding.
The fact that this MC-dependent cytotoxicity occurs in a setting of IR with C activation preceding degranulation argues for a critical combination of events, including binding of natural IgM, which leads to activation of C and then MCs. The critical role of mMCP-5 in this setting may be operative via several different mechanisms. The protease might directly activate a pronecrotic pathway or inactivate an antinecrotic pathway outside the muscle cell or inside the cell if it is able to gain entry via the C5b-9 membrane pore. Alternately, mMCP-5 could activate a protease cascade that ultimately results in proteolytic disruption of the basement membrane, sarcolemma, the subsarcolemma cytoskeleton of skeletal muscle, or a factor that regulates the viability of the muscle cell. Whatever its mechanism, our findings demonstrate that irreversible skeletal muscle injury in IR-treated mice is exquisitely dependent on mMCP-5 and independent of several other MC-derived mediators.
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